In Brief Schlichting et al. describe the contribution of a single photoreceptor subtype to long-day adaptation in Drosophila melanogaster. Light information from this receptor is integrated into the clock network by PDF release from the lLNvs, suggesting a shift of neuronal dominance in the network, depending on environmental conditions.
INTRODUCTION
Circadian clocks evolved as an adaptation to the continuous change of day and night and are believed to provide organisms a fitness advantage. The underlying molecular machinery includes a transcriptional-translational feedback loop, which generates oscillations of clock gene expression with an endogenous period close to 24 h (circa, about; dies, day) [1] . This period is approximately 24.2 h in humans, whereas a Drosophila period was reported to be 23.8 h [2, 3] . A key feature of circadian clocks is the ability to entrain to the 24 h environment. This means that the human clock has to be accelerated by about 0.2 h each day, whereas this Drosophila clock has to be slowed down to the same extent. To do so, clocks must integrate external cues, so called zeitgebers, which are used to synchronize the molecular and physiological properties of the organism [4] .
The most important zeitgeber is light. In mammals, a combination of the traditional photoreception pathway (rods and cones) and the circadian photoreceptor melanopsin in retinal ganglion cells allows for fine-tuning of clock synchronization [5] [6] [7] . Similarly, Drosophila uses the visual system and possibly Rhodopsin 7 (Rh7) within the clock neurons as well as the circadian photoreceptor cryptochrome (CRY) for light synchronization [8] [9] [10] [11] [12] [13] [14] . CRY-mediated entrainment is well understood in Drosophila, whereas less is known about the mechanism of entrainment via the visual system. It consists of seven eye structures: three ocelli, two Hofbauer-Buchner eyelets, and two compound eyes [15] .
The compound eye consists of approximately 800 ommatidia, each harboring 8 photoreceptor cells (Rs): R1-6 are located in the periphery and span the whole depth of the ommatidium. These cells were previously shown to be important for motion vision and express Rhodopsin 1 (Rh1) [16] . In the center, R7 is located above R8. These cells have a complex expression pattern of Rh4 and/or Rh3 in R7 and Rh5 or Rh6 in R8 [17] . Although the mechanism of light transduction from the visual system to the central clock is still not completely understood, recent work indicates a special role for R8. These cells specifically target the sLNvs in standard conditions of 12 h light and 12 h darkness (LD 12:12) [18] . R8 photoreceptors additionally express and react to HisCl1 and can therefore not only act as photoreceptors but also as interneurons [19] .
Recent electrophysiological results further suggest that the visual system is able to activate an array of circadian clock neurons [20] , e.g., it can activate the small ventral-lateral neurons (sLNvs), an important center for morning (M) activity [21, 22] . Furthermore, the visual system increases neuronal firing in the large LNvs (lLNvs), the arousal center within the circadian network [23] . The 5 th sLNv and the NPF+ dorsal-lateral neurons (LNds), previously implicated as necessary for evening (E) activity [24] [25] [26] , also increase their firing rates in response to visual system stimulation [20] . In addition, the visual system activates several dorsal neurons (DNs), which were recently implicated in connecting the circadian clock to central brain sleep centers [27, 28] . These data suggest that visual input is integrated into the clock network in a parallel fashion, which contradicts a master-oscillator point of view [18, 20] . The latter posits that these are the pigment-dispersing factor (PDF)-expressing neurons (sLNvs and lLNvs), which receive light input and release PDF upon illumination, thereby adjusting their downstream target neurons to the LD cycle [29] .
To investigate the impact of the visual input pathway at the behavioral and neuronal level, we investigated fly behavior under long-day conditions. Long days cause plastic changes in fly behavior: in standard light-dark cycles (LD 12:12), flies show a bimodal activity pattern with a M anticipation peak around lights on and an E anticipation peak around lights off; this results in a phase relationship of approximately 12 h between the two peaks. Flies are able to adjust to longer photoperiods by delaying the E peak, which reduces the potentially harmful impact of hot summer days [9] . Previous experiments implicate both the visual system and CRY in long-day adaptation: Cry 01 mutants delay their E peak of activity more than wild-type, suggesting that CRY functions in part to phase advance behavior. Most importantly, this function could be rescued by expressing CRY in cells important for timing E activity [30] . Flies lacking the compound eyes fail to appropriately adjust their peak timings, i.e., their E peak is phase advanced compared to wild-type flies [9] . Moreover, visual input appears to modulate PDF release from the lateral neurons, which in turn modulates cells important for E activity [31] . In summary, complex interactions between CRY-and PDF-expressing neurons appear to be essential for the behavior under long days: expressing these proteins in different parts of the fly brain alters the behavior of flies and mimics the behavior of high-latitude species using Drosophila melanogaster as a model [32] . It is still unknown, however, which receptors and which neuronal pathways are involved in this adjustment.
Here, we show that R8 of the compound eyes is essential for long-day adaptation. These photoreceptor cells connect to the PDF-containing lLNvs and trigger the release of this neuropeptide. Using a cell-specific CRISPR/Cas9 strategy, we demonstrate that light-mediated PDF directly signals to the PDF receptor (PDFR) on E cells and hence delays E activity. The data implicate a mammal-like structure of clock entrainment, with the visual system activating PDF-expressing clock neurons. Our data further support a shift of PDF targets between LD and constant darkness (DD) conditions as well as a more quantitative reorganization of neuronal dominance within the clock network by changes in photoperiod.
RESULTS

The Compound Eyes Are Essential for Long-Day Adaptation
The locomotor activity of flies is controlled by their clock neuron network, which causes a bimodal pattern. In wild-type (WT) flies (CantonS) under standard LD 12:12 conditions, the M peak of activity coincides with lights on and the E peak with lights off, respectively ( Figure 1A ). In long photoperiods, the phase relationship between M and E peak increases, showing plasticity in clock-controlled behavior ( Figures 1A and 1D ) [9] . The M peak does not diverge from lights on ( Figure 1B) , whereas the E peak delays with increasing photoperiod ( Figure 1C ), demonstrating that a delay of E activity is responsible for the enhanced phase relationship of the peaks ( Figure 1D ). Notably, the E peak does not follow lights off under all light conditions: whereas it coincides with lights off at LD 12:12 and LD 14:10, it occurs during the light phase at even longer photoperiods, resulting in a maximal phase relationship of 16.4 ± 0.3 h. Given that the E peak is the dominant factor for defining the phase relationship and the M peak is also less pronounced in some of the mutants ( Figure 1G ), we focus on E peak timing as a surrogate for phase.
To investigate the effect of the compound eyes on long-day adaptation, we used cli eya mutants lacking the compound eyes but retaining ocelli and Hofbauer-Buchner eyelets [33] . Even in LD 12:12, the E peak is uncoupled from lights off and is significantly advanced compared to WT flies ( Figures 1E and 1G ). Although eyeless flies adjust their E peak to long photoperiods ( Figures 1E and 1G ), they fail to delay like WT flies. To assess the possible contribution of changes in free-running period to this advance in E peak timing, we investigated DD behavior: Cli eya flies show a significantly shorter period (Table 1) , which likely contributes to the advanced E peak timing but does not explain the whole shift (see below). We calculated DE peak between CantonS and cli eya mutants and found that this difference also depends on photoperiod: the maximal difference occurred in LD 20:4 ( Figure 1F ), which we used in the rest of this study to further investigate eye-mediated long-day adaptation.
Receptor Cell 8 Is Responsible for Eyes Absent Phenotype
The compound eyes are composed of approximately 800 ommatidia. Each ommatidium contains 8 photoreceptor cells (Rs) with R1-6 located in the periphery and spanning the whole depth of the ommatidium. In the center, R7 is situated in the distal part of the ommatidium right above R8. Besides the anatomical location, these cells express different photopigments in a well-defined pattern: R1-6 express Rhodopsin 1 (Rh1), R7 expresses Rh3 and/or Rh4, and R8 expresses either Rh5 or Rh6 [17] . To distinguish the contribution of outer versus inner receptor cells, we compared the behavior of ninaE 5 (no Rh1) and rh5 2 ;rh3 1 rh4 1 rh6 1 flies. NinaE 5 flies show no difference in E peak timing in LD 20:4 compared to CantonS; rh5 2 ;rh3 1 rh4 1 rh6 1 mutants in contrast show a significantly advanced E peak (Figures 2A and 2B) . These data suggest that the inner photoreceptors are necessary to mediate long-day adaptation.
To narrow down the phenotype to a specific inner receptor cell, we monitored the behavior of rh3 1 rh4 1 mutants eliminating R7 function and rh5 2 ;rh6 1 mutants eliminating R8 function. rh3 1 rh4 1 mutants behave similar to WT, whereas rh5 2 ;rh6 1 mutants show an advanced E peak in LD 20:4 indistinguishable from rh5 2 ;rh3 1 rh4 1 rh6 1 quadruple mutants (Figures 2A and 2B ). Most importantly, these mutants show a similar trend: they modestly delay their E peak timing under different long-day conditions. The effect is comparable to flies lacking the compound eyes ( Figure S1 ).
To address the contribution of Rh5 and Rh6 expressing photoreceptors on E peak timing, we recorded the single mutants in LD 20:4. Both of the mutants showed phase-advanced E peaks, with rh6 1 mutants having a bigger effect than rh5 2 mutants (Figure S2 ). This is in agreement with the distribution of these rhodopsins in R8 (70% Rh6 and 30% Rh5) but also points to a possible involvement of the HB-eyelets, as they only express Rh6. Taken together, these findings suggest that the rhodopsins of R8 are necessary for WT E peak timing under long photoperiods.
To further confirm the importance of R8, we combined rh5-GAL4 and rh6-GAL4 and either silenced these two cell types using upstream activating sequence (UAS)-Kir2.1 or ablated the cells using UAS-HID. Immunohistochemistry shows strong specificity of the combined GAL4 lines in the retina and a successful ablation of R8 in the HID experiment ( Figure S3 ). Notably, the combined GAL4 line also expresses in the HB-eyelets (data not shown), which can contribute to the behavioral phenotypes (B) Timing of morning (M) activity peak of CantonS flies at equinox and long-day conditions. The M peak is tightly coupled to lights on. It shows a tendency to delay with increasing day length, which is not significant (F (4,146) = 1.8064; p = 0.1307). Values indicate the number of analyzed flies. (C) Timing of evening (E) activity peak of CantonS flies at equinox and long-day conditions. Timing of the E peak delays with increasing day length but does not follow lights off (F (4,146) = 177.09; p < 0.001). Values indicate the number of analyzed flies. (D) Phase relationship of M peak to E peak in CantonS at equinox and long-day conditions. Due to the delay of the E peak timing, also the phase relationship increases with increasing daytime (F (4,146) = 139.49; p < 0.001). Values indicate the number of analyzed flies. (E) Timing of E activity peak of cli eya flies at equinox and long-day conditions. One-way ANOVA shows that cli eya flies delay their E peak timing with increasing daytime (F (4,137) = 72.25; p < 0.001). Two-way ANOVA shows a significant difference between CantonS and cli eya flies (F (1,283) = 149.23; p < 0.001) and a significant interaction between genotype and photoperiod, suggesting differential regulation of long-day adaptation in the two genotypes (F (1,283) = 3.85; p = 0.0046). (F) Difference of E peak timing between CantonS and cli eya flies depending on day length. One-way ANOVA reveals a significant difference between the two genotypes, which is in agreement with the interaction of genotype and photoperiod described in E (F (4,137) = 3.2766; p = 0.0134). The biggest difference between the genotypes was found in LD 20:4. (G) Average activity profiles of cli eya flies from LD 12:12 (top) to LD 20:4 (bottom). Daylight period increases by 2 h per light condition. Cli eya flies show a bimodal pattern in LD 12:12, which turns into unimodal behavior under long days with an early E peak timing. observed. As with the rhodopsin mutants, ablating or silencing R8 caused a 1.5-h advance in E activity, confirming an important role for this photoreceptor cell. We further silenced or ablated R7 using a combination of rh3-GAL4 and rh4-GAL4. As expected, there is no effect on E peak timing, confirming the rhodopsin mutant approach data ( Figure S4 ).
As an early E peak might represent a ''fast'' clock, we monitored the behavior of all mutants in constant darkness (Table 1) . Even though there was a general trend for a shorter free-running period in the silencing and ablation experiments, there was no difference between control and experimental strains. These data therefore suggest no correlation between E peak timing and period length, suggesting the long photoperiod phenotype is a true entrainment phenomenon.
PDF in lLNvs Is Necessary and Sufficient for Proper E Peak Timing
The terminals of R8 directly innervate the medulla, the visual center of the fly, where they sit in close proximity to lLNv arborizations [31] . GRASP experiments between R8-and PDF-positive neurons did not give a signal in the medulla, suggesting no direct interaction between the compound eyes and the clock (data not shown). However, electrophysiological data suggest that the visual system activates the PDF-expressing ventro-lateral neurons (among others) upon light stimulation [20, 34] . To address the importance of the PDF neurons for long-day entrainment, we silenced these cells using UAS-Kir2.1 ( Figure 3A ). Silencing the PDF neurons significantly advances the E peak timing by approximately 1.5 h, recapitulating the cli eya phenotype (Figure 3B ). Pdf>Kir flies show either arrhythmic behavior or rhythms with short DD periods, which can contribute to the phaseadvanced E peak observed in this genotype [35] .
PDF is the major neuropeptide of the Drosophila clock and is essential to synchronize the different clock neuron clusters with each other [36] . Previous work showed that PDF from lLNvs is necessary to adapt fly behavior to LD 16:8 [31] . We asked whether PDF from these neurons is also necessary for proper E peak timing under even longer days (LD 20:4) and investigated the behavior of pdf 01 flies [37] ( Figures 3C and 3D) . As with the pdf>Kir experiment, pdf 01 flies show an advanced E peak, indicating that PDF signaling to its downstream target neurons is necessary for the delay of the E peak in long photoperiods.
To determine which group of PDF neurons is essential for this behavior, we knocked down PDF using RNAi. PDF knockdown in all PDF-positive cells (sLNvs and lLNvs) results as expected in an advanced E peak compared to both controls ( Figures 3C and  3D ). Knockdown only in sLNv using R6-GAL4 does not advance the timing of the E peak. In contrast, knockdown in lLNvs using c929-GAL4 completely reproduces universal PDF knockdown ( Figures 3C and 3D ), indicating that PDF from the lLNvs is necessary for proper E peak timing under long-day conditions. Similar results were obtained with an independent PDF RNAi line ( Figure S5 ).
To address whether lLNv-derived PDF is also sufficient for WT behavior, we expressed PDF in the lLNvs using c929-GAL4 in the pdf 01 -null mutant background ( Figure 3E ). The timing of the E peak was delayed by approximately 1.5 h ( Figure 3F) , which recapitulates the WT phenotype. The two approaches taken together indicate that PDF from the lLNvs is necessary and sufficient for WT behavior under long photoperiod conditions [32] .
E Cells Show Extensive Arborizations in the Accessory Medulla
Previous experiments implicate the 5 th sLNv and three CRY-positive LNd neurons in driving and/or timing the E peak, the evening bout of activity [21, 22] . These neurons broadly innervate the dorsal part of the brain, where they receive glutamatergic input [38] . They also send fibers into the area of the accessory medulla of the fly brain, the location of the PDF cell bodies and an important pacemaker center in many other insect species [36, 39] .
To determine whether lLNv-derived PDF could communicate with the E cells in that area, we expressed synaptic markers in the E cells. This was done using a recently identified split-GAL4 line, which expresses only in the three CRY+ LNds and the 5th sLNv [40] . Whole-brain imaging reproduces the previously published projection pattern, showing strong synaptic marker staining in the dorsal brain ( Figures 4A-4D ). In the accessory medulla, however, we found only weak staining of dendritic and axonal markers. To further illuminate the nature of these E cell fibers, we employed expansion microscopy and focused on this area. The much better resolution indicates that the accessory medulla is indeed densely innervated by E cell fibers, both synaptic as well as dendritic ( Figures 4E-4H) . It is therefore a likely output as well as input region of E cells. The accessory medulla more generally seems to serve as a region of communication between clock neurons, e.g., the lLNvs probably communicate there with the sLNvs via PDF [41] .
PDFR in E Cells Is Necessary and Sufficient for Proper E Peak Timing
Loss of PDF or its receptor PDFR (han 5304 mutant) causes prominent effects on LD 12:12 and DD behavior: mutant flies show a reduced M anticipation and an early E peak in LD as well as elevated arrhythmicity and a short period phenotype in DD [42] [43] [44] . To address the importance of PDFR+ E cells for the long-day phenotype, we employed a cell-specific CRISPR/ Cas9 strategy with the GAL4/UAS system. We generated an UAS-PDFR-g line, expressing three independent guides, each targeting the coding sequence (CDS) of the pdfr gene. To verify the efficiency of this strategy, we expressed PDFR-g and Cas9 in most of the clock neuron network using clk856-GAL4. It reproduced the han 5304 mutant phenotype: flies show a low M anticipation index and an early E peak in LD 12:12, and only 37% of the flies are rhythmic with a short period of 22.7 h in DD ( Figure 5 ). We then applied the same strategy to long photoperiods. Knocking out PDFR in most clock cells (all lateral clock cells, most dorsal neurons, and some ectopic cells) using clk856-GAL4 reproduced the early E peak phenotype seen in eyes absent and pdf 01 flies, further indicating that PDF signaling within the clock network is essential for long-day adaptation ( Figures  6A and 6B ). We next aimed to knock out PDFR in the E cells and used Mai179-GAL4, which expresses in the three CRY+ and PDFR+ LNds and the 5th sLNv (among other neurons, including sLNvs and some DN1 neurons). This line reproduced the same behavioral phenotype, i.e., an early E peak under long-day conditions ( Figures 6A and 6B) . Remarkably, DD behavior was unaffected: 73% of flies were rhythmic with a period of 23.8 ± 0.2 h, indicating that E cell PDFR is only required in LD conditions ( Figure S6 ). To further restrict GAL4 expression, we also investigated the behavior of MB122 split-GAL4 ( Figures  6A and 6B) : knockout of PDFR using that E-cell-specific line generated a slight but significant phase advance of the E peak, again indicating the importance of E-cell PDFR for long-day adaptation.
A lack of specific driver compromised a previous study implicating E cell PDFR in long-day entrainment. The conclusion was based on an overlap analysis of much broader driver lines or driver lines with ectopic expression [31] . In contrast, the GAL4 lines used here can directly assign E cells to this function. To this end, we rescued PDFR in most of the clock neuron network, which delayed the timing of the E peak to WT levels ( Figures 6C  and 6D ). Rescue of PDFR only in the three CRY+ LNds and the 5 th sLNv also delayed the E peak compared to both controls, Figure 2 . R8 Is Necessary for Long-Day Adaptation (A) Average activity profiles of photoreceptor mutants recorded in LD 20:4. All genotypes show a bimodal activity pattern with an M peak around lights on and an E peak uncoupled from lights off. (B) Timing of the E peak in CantonS and all photoreceptor mutants was investigated. Oneway ANOVA reveals significant differences between the different genotypes (F (5,161) = 62.6166; p < 0.001). Post hoc Tukey comparison shows a significantly advanced E peak in cli eya mutants compared to CantonS (p = 0.001). Similar advances are seen in flies lacking photoreception in both inner receptor cells (rh5 2 ;rh3 1 rh4 1 rh6 1 ; p = 0.001) and flies lacking photoreception only in R8 (rh5 2 ;rh6 1 ; p = 0.001). There was no difference between cli eya and rh5 2 ;rh6 1 mutants (p = 0.899), suggesting a prominent role of R8 in long-day adaptation. Flies lacking photoreception in R1-6 (ninaE 5 ) show no difference to CantonS (p = 0.776), whereas there is a slight but significant delay in flies lacking photoreception in R7 (rh3 1 rh4 1 ; p = 0.001). Values indicate the number of analyzed flies. (C) Timing of the E peak in flies with silenced or ablated R8. One-way ANOVA reveals significant differences between the different genotypes (F (4,150) = 25.45; p < 0.001). Post hoc Tukey comparison shows a significantly advanced E peak in flies with silenced R8 (p = 0.001 for both controls) and flies with ablated R8 (p = 0.001 for both controls). There were neither significant differences between the controls (p > 0.775) nor between the two experimental lines (p = 0.8926), demonstrating showing that PDFR in the E cells is indeed sufficient to rescue the E peak timing under long days.
DISCUSSION
The circadian clock is able to entrain to the changes of day and night, with light being the most important zeitgeber. The (B) Timing of the E peak in flies with silenced PDF neurons, including controls in LD 20:4. One-way ANOVA reveals a significant difference between the genotypes (F (2,89) = 70.1449; p < 0.001). Post hoc Tukey test shows a significantly advanced E peak in pdf>Kir compared to both controls (p = 0.001 for both). There was no significant difference within control groups (p = 0.758). Values indicate the number of analyzed flies. (C) Timing of the E peak in flies with altered PDF expression, including controls in LD 20:4. One-way ANOVA reveals a significant difference between the genotypes (F (8,229) = 22.8593; p < 0.001). Post hoc Tukey analysis show that the timing of the E peak is significantly advanced in pdf 01 compared to w 1118 flies (p < 0.01). Similarly, knockdown of PDF using RNAi in both the sLNvs and lLNvs significantly advanced E peak timing (p < 0.01 for both controls). Knockdown of PDF in the sLNvs using R6-GAL4 had no effect on E peak timing (p = 0.322 for UAS control; p = 0.899 for GAL4 control), whereas the knockdown in lLNvs using c929-GAL4 significantly advanced E peak timing (p < 0.01 for both controls). There is no difference between pdf-GAL4-and c929-GAL4-mediated knockdown (p = 0.899), indicating PDF from the lLNvs is necessary for WT behavior. adaptation to summer-like days is especially important for insects, as they are prone to predator visibility and even more importantly desiccation. Therefore, the circadian clock has to be plastic and be able to adjust behavior in response to changing environments. For example, flies show an additional afternoon peak during summer days under semi-natural conditions, which is thought to be an escape response of the fly from heat [45, 46] . Here, we show that Drosophila adjusts its behavior to extremely long photoperiods (LD 20:4) by delaying its E peak as reported previously [9] . Even though this photoperiod can only be found in very northern countries, Drosophila melanogaster is still able to adjust to this extreme light condition, which exemplifies its ability to adapt to various environmental conditions. This delay allows the animal to reduce its activity during the unfavorable midday, when temperatures are highest. Most interestingly, this phenotype is easily visible even without temperature changes, underscoring the importance of light as a major entrainment cue.
A central finding is that flies lacking the compound eyes show an entrainment deficit, i.e., they have an advanced E peak under long-day conditions. Similarly, they show a reduction in M peak amplitude; this is likely due to a failure to properly activate PDF-expressing neurons (see below). Using rhodopsin mutants and by manipulating specific photoreceptors using the GAL4/UAS system, only R8 of the compound eyes appears essential for this summer day response; R8 was previously implicated in the adaptation to nature-like light conditions [33, 47] .
Notably, even flies lacking all compound eyes significantly delay their E peak timing under long photoperiod conditions but to a much smaller extent. This indicates that other photoreceptors also contribute to the E peak delays under these conditions. One likely candidate is the HB-eyelet. We recently showed that this photoreceptor contributes to delaying the E peak under high-light-intensity conditions [48] . Similar mechanisms might apply under long days, which is supported by the strongly advanced E peak when we silence or ablate rh5-GAL4 and rh6-GAL4-positive neurons, which includes the HB eyelets. (B) Timing of the E peak in PDFR knockout flies, including controls in LD 20:4. One-way ANOVA reveals a significant difference between the genotypes (F (3,96) = 13.904; p < 0.001). Post hoc Tukey test shows a significantly advanced E peak in PDFR knockout in all clock cells compared to both controls (p = 0.001 for both). Similarly, knockout of PDFR using mai179-GAL4 advanced the E peak timing compared to both controls (p = 0.001 for both). Also, knockout using MB122B-split-GAL4 caused a significantly advanced E peak (p < 0.01). There was no significant difference between the three knockout strains (p > 0.1827), showing that PDFR in E cells is necessary for proper E peak timing. Values indicate the number of analyzed flies. (C) Timing of the E peak in PDFR rescue flies, including controls in LD 20:4. One-way ANOVA reveals a significant difference between the genotypes (F (4,125) = 43.358; p < 0.001). Post hoc Tukey test shows a significantly delayed E peak in PDFR rescue in all clock cells compared to both controls (p = 0.001 for both). Similarly, rescue of PDFR using MB122B-split-GAL4 delayed the E peak timing compared to both controls (p = 0. lLNv arbors in the optic lobe are in close proximity to R8 termini [31] , where they most likely interact via cholinergic interneurons in addition to the accessory medulla, which was recently shown to be important for light-evoked responses of the lLNvs [20] . This interaction results in a change of neuronal bursting behavior and hence neuropeptide release [34, 49] . Indeed, we show here that release of PDF from the lLNvs is necessary and sufficient for proper long-day adaptation.
These results are surprising given a recently published study on how the visual system is connected to the clock neuron network [20] . It shows that the visual system can activate a broad spectrum of lateral and dorsal neurons; they include sLNvs, lLNvs, ITP+ LNds, and DN2s, among others. Ablation of PDF neurons left the other neurons responsive to visual input, suggesting a parallel model for clock synchronization, i.e., information from the visual system can be directly transferred to independent classes of clock neurons rather than only via PDF. This new pathway might be involved in the residual delay of E activity in pdf 01 flies under long photoperiods, suggesting a potential PDF-independent contribution to long-day adaptation [37, 50] .
PDF stimulates different adenylate-cyclases and increases cAMP, which leads to the stabilization of PER and TIM and consequently a longer period or phase delay [51] [52] [53] . Therefore, one view is that removing the compound eyes decreases PDF release from the lLNvs and phase advances the molecular clock in downstream target neurons like the LNds. This newly discovered ''visual system to LNd pathway'' might also enhance CRY-mediated photoentrainment: CRY was shown to activate neurons upon stimulation [54] , similar to the newly identified light activation of clock neuron pathway [20] . Additional activation of the E cells could therefore contribute to the kinetics of TIM degradation, which was recently shown to be important for the phase advance of E activity under longday conditions [30] .
An intriguing inference of this work is that the principal targets of PDF must change with the environmental conditions. Previous work established the sLNvs as essential for DD rhythmicity [21, 22] , and recent work shows that these neurons are tightly coupled to the dorsal clock neurons in DD: speeding up the PDF neurons forced the DN1s to follow the short period of the sLNvs [55] . In LD, however, this connection is much weaker, and our cell-type-specific CRISPR/Cas9 knockout strategy shows that it is the PDF-expressing lLNvs that communicate with the LNd neurons [55] . Our data show that the lLNv to LNd connection is important in LD conditions but does not affect DD behavior.
Importantly, our data not only indicate a qualitative shift of PDF targets between DD and LD but also suggest a quantitative shift of dominance, depending on photoperiod or the time of light exposure. In DD, the sLNvs are necessary for rhythmic behavior and show robust cycling in PER oscillations, whereas the lLNvs lose PER rhythms as early as the second day of DD. In equinox conditions, both groups may be relevant [48] : PDF from either the sLNvs or lLNvs is sufficient for WT behavior, and only knockdown in both sets of neurons is able to reproduce the pdf 01 mutant phenotype [56] . In long photoperiods, however, PDF from the lLNvs is necessary and sufficient for proper entrainment, whereas the sLNvs do not contribute to E peak timing [31] . Our data therefore point to a profound circuit switch in response to photoperiod, analogous to the neurotransmitter switching that occurs in the mammalian paraventricular nucleus in response to long photoperiods [57] .
A similar circuit reorganization might also occur in the principal mammalian brain clock neuron location, the suprachiasmatic nucleus (SCN). We know that light information from the visual system is transferred to cells in the ventral part of the SCN, which expresses VIP [58] . VIP functions similarly to Drosophila PDF and is not only important for communication between different parts of the SCN [59] but also essential for seasonal encoding. This is because VIP knockout mice show no change in peak width as measured by in vivo electrophysiological recordings in response to entrainment to different photoperiods [60] . This suggests that VIP is not only involved in relaying light information beyond the ventral SCN but also in the response to light duration as shown here for PDF in Drosophila. It will be interesting to see whether different VIP-expressing SCN neurons are involved in this response.
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